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INTRODUCTION 


The  key  to  many  of  the  microwave  applications  of  optics  will 
be  the  ability  to  integrate  photodetectors  with  monolithic 
microwave  integrated  circuits  (MMICs) .  This  will  allow 
microwave  signals  to  be  coupled  optically  into  MMICs  via 
fiber  optic  lines.  Such  optoelectronic  integrated  circuits 
(OEICs)  could  have  widespread  application  in  Air  Force 
electronic  warfare  and  radar  systems.  Monolithic  OEIC 
technology  is  in  its  infancy,  and  many  aspects  of  device 
fabrication  and  application  remain  to  be  explored. 

Building  upon  the  technology  base  established  at  Texas  A&M 
over  the  past  several  years,  we  have  explored  new 
possibilities  for  optically  coupled  microwave  devices.  In 
particular,  a  traveling  wave  (TW)  photodetector  [1]  and 
integration  of  such  a  photodetector  with  other  MMIC  circuit 
elements  have  been  investigated. 

The  TW  photodetector  is  configured  as  a  coplanar 
transmission  line  on  a  semiinsulating  gallium  arsenide 
substrate,  as  illustrated  in  Fig.  1.  Light  modulated  at 
microwave  frequencies  is  coupled  into  the  stripline  gap  to 
produce  electron-hole  pairs.  The  resulting  current  flow  in 
the  gap  produces  a  microwave  signal  on  the  transmission 
line.  Phase  matching  of  optical  and  microwave  signals  is 
accomplished  with  optical  delay  lines.  A  configuration  in 
which  the  incident  light  is  confined  in  two  dimensions  by  an 
optical  waveguide  has  also  been  explored.  The  TW 
photodetector  is  readily  integrable  with  other  microwave 
elements,  such  as  FET  amplifiers  and  Gunn  oscillators,  and 
its  distributed  nature  allows  higher  microwave  power  levels 
to  be  generated  than  with  other  types  of  photodetector. 

Results  of  our  research  on  the  design,  fabrication,  and 
testing  of  TW  photodetectors  are  described  below. 


DESIGN  OF  TW  PHOTODETECTOR 

A  TW  photodetector  with  a  coplanar  stripline  structure  has 
been  designed  and  fabricated.  The  configuration  is 
illustrated  in  Fig.  2.  The  metallization  is  formed  on  a 
semi-insulating  GaAs  substrate  which  has  a  resistivity  in 
the  range  of  10 '  n-cm.  The  electrode  pattern  is  produced 
using  lift-off  photolithographic  techniques.  The 
metal ization  consists  of  Au-Ge/Ni  layers  which  form  the 
ohmic  contact. 

The  gap  between  the  two  electrodes  is  the  active  area.  The 
width  of  the  gap  w  can  be  optimized  by  considering  the 
focussed  beam  spot  size.  When  a  Gaussian  optical  beam  is 
focused,  the  spot  diameter  (to  e“^  relative  power  density) 
2rQ  is  given  by 
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Fig.  1.  Coplanar  transmission  line  configuration  for  TW 
photodetector . 
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Fig.  2.  TW  photodetector  design:  (a)  perspective  view,  (b) 
end  view. 
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2rQ=2.44 A(f/2a)  , 


(1) 


where  f  is  the  focal  length  of  the  optical  system,  2a  is  the 
diameter  of  the  collimated  optical  beam,  f/2a  is  the 
equivalent  F-number  of  the  optical  system,  and  X  is  the 
optical  wavelength.  The  minimum  spot  size  is  thus 
proportional  to  the  focal  length  of  the  lens  and  the 
wavelength  of  the  laser  source.  In  determining  the  optimum 
electrode  gap  width,  it  should  be  noted  that  the  electrical 
resistance  between  the  two  striplines  will  be  very  high  if 
the  optical  beam  does  not  overlap  the  strip  lines  (w  >> 

2rQ) ,  but  optical  losses  will  be  high  if  most  of  the  light 
falls  on  the  electrodes  (w  «  2rQ)  [2].  For  Gaussian  beam 
illumination,  the  optical  power  aensity  distribution  P(r) 
depends  on  the  distance  r  from  the  center  of  the  beam  spot 
acording  to  the  expression 

P(r)=PQexp(-2rVro2)  ,  (2) 

where  Pq  is  the  maximum  power  density  in  the  center  of  the 
spot  and  rQ  is  the  radius  of  the  focussed  beam.  It  has  been 
shown  that  the  optimum  gap  width  d^  is  given  by  d^  » 

[2] ,  For  an  F-number  of  2  and  X  =  0.83  nm,  we  find  from 
eq.  (1)  that  rg  =  2.0  fim.  The  optimum  gap  width  is  thus 
found  to  be  3.0 

To  interface  a  TW  photodetector  to  other  striplines,  coaxial 
cable,  waveguides,  or  MMIC  components,  the  characteristic 
impedance  is  usually  designed  to  be  50n.  Analytical 
expressions  for  calculating  the  characteristic  impedance  for 
coplanar  striplines  have  been  reported  by  several  authors 

[3] -[6].  Wen's  expression  [3]  has  a  simple  closed  form. 
However,  it  was  obtained  under  the  assumption  that  the 
dielectric  substrate  is  thick  enough  to  be  considered 
infinite,  while  Gupta's  formula  [4]  only  holds  for 
moderately  thick  substrate  (h  >  W-S  in  Fig.  2)  and  Fouad- 
Hanna's  formula  [5]  is  only  approximate.  However,  if 
Gupta's  and  Fouad-Hanna ' s  formulas  are  used  for  coplanar 
lines  on  arbitrary  homogeneous  substrates,  they  can  yield 
valid  fitting  results. 

The  cross  sectional  area  of  the  stripline  conductors  should 
also  be  optimized.  Thicker  striplines  provide  good  current 
capacity  (low  series  resistance)  in  the  striplines,  but 
increasing  the  thickness  also  increases  the  capacitance. 

The  finite-thickness  stripline  is  modeled  as  a  capacitor  in 
series  with  the  gap  capacitance.  As  a  result,  the  effective 
gap  size  decreases  and,  conversely,  the  effective  width  of 
the  stripline  increases.  Thus,  the  characteristic  impedance 
will  deviate  from  the  originally  designed  value  of  50n  when 
the  electrode  thickness  is  considered.  In  this  paper, 
Fouad-Hanna ' s  expression  [5]  is  modified  using  Gupta's 
formula  [4]  to  Include  the  effects  mentioned  above.  The 
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modified  expression  for  characteristic  impedance  of  a 
coplanar  stripline  with  finite  substrate  thickness  is  given 
by  [5] 


Zq  =  120  JrK(ke)/K'(ke) 

where  Zq  is  the  characteristic  impedance,  ^eff^ 
effective  dielectric  constant  of  coplanar  stripline,  K(k)  is 
the  complete  elliptic  integral  of  the  first  kind,  K' (k)  = 
K(k*)  and  k^=l-k'^.  It  is  possilbe  to  evaluate  Zq  using  the 


following  expressions: 

«eff^  =  «eff  -  l*4(egff-l)t/[1.4t  +  SK' (k)/K(k) ]  (4) 

«eff"^  =  (Cr-l)K(k')K(ki)/[2K(k)K{ki')]  (5) 

A  =  (1.25t/7r)  [l+ln(4ffW/t)  ]  (6) 

dg  =  d  -  A  ,  Wg  =  W  +  A^  (7) 

k  =  a/b,  kg  =  ae/^e'  ^e  ~ 

k]^  =  sinh(7rag/2h)/sinh(w^bg/2h)  ,  (9) 

K(k)/K'(k)  =  7r/ln[2(l+k'^/2)/(i-k'^/2)  ]  0<k<0.7 

K(k)/K'(k)  =  jr/ln[2(l+k^/2)/(i-k'^/2)  ]  0.7<k<1.0 


where  S  is  the  gap  size,  W  is  the  width  of  the  stripline,  h 
is  the  thickness  of  the  substrate,  and  t  is  the  thickness  of 
the  stripline.  We  found  the  width  W  of  the  stripline  on 
GeiAs  corresponding  to  a  50  n  characteristic  impedance  to  be 
28.6  txm  for  a  3  /xm  gap  width  S. 

The  thickness  of  the  stripline  is  closely  related  to  the 
loss  of  the  device.  There  are  two  types  of  losses  in  the 
stripline,  conduction  loss  and  dielectric  loss.  Dielectric 
losses  are  normally  very  small  compared  with  conductor 
losses  for  dielectric  substrates  such  as  semi -insulating 
GaAs  which  has  a  high  resistivity,  and  can  be  neglected. 
Conductor  loss,  when  the  quasi-static  approximation  is 
valid,  can  be  calculated  by  considering  incremental 
inductance  for  evaluating  ohmic  losses.  In  general,  a 
thicker  stripline  provides  lower  conductor  losses  [7]. 


EXPERIMENTAL  RESULTS 

Our  initial  design  uses  3  /xm  gaps  and  28  wide  striplines 
to  form  a  5  cm  long,  50  (1  transmission  line,  as  illustrated 
in  Fig.  2.  The  electrode  mask  was  produced  using  our  in- 
house  laser  scanning  system.  The  striplines  are  about  0.9 
Mm  thick  and  consist  of  0.6  tm  of  gold  on  a  Ni-Au/Ge  base 
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which  is  annealed  to  form  ohmic  contact  with  the  substrate. 
Light  modulated  at  microwave  frequencies  is  coupled  into  the 
stripline  gap  to  produce  electron-hole  pairs.  The  resulting 
photoconduct ive  current  flow  produces  a  microwave  signal  on 
the  transmission  line. 

The  device  is  mounted  on  an  aluminum  plate  which  is 
especially  designed  for  the  test.  The  bottom  side  of  the 
plate  is  removed  to  prevent  the  electric  field  from 
reflecting  back  at  the  surface  of  the  aluminum  plate.  A  50 
n  copper  coaxial  cable  with  a  subminiature  SMA  connector 
(OSSM  connector) ,  which  is  specified  to  have  flat  frequency 
response  to  35  GHz,  is  chosen  to  make  it  possible  to  reach 
both  electrode  pads.  The  conductors  and  grounds  of  the 
copper  cables  are  connected  to  both  electrode  pads  with 
silver  epoxy. 

Phase  matching  of  the  optical  and  microwave  signals  is 
accomplished  with  an  optical  delay  line  arrangement,  as  in 
Fig.  3.  An  Ortel  SL  1010  laser  diode  is  modulated  by  a 
microwave  signal,  and  light  from  the  laser  is  divided  into 
four  optical  beams  using  a  nonpolarizing  beam  splitters  and 
mirrors.  The  microwave  phase  delay  of  each  beam  path  is 
expressed  as 


0  =  2jrfjjnl/c  (11) 

where  n  is  the  refractive  index  of  the  medium,  1  is  the 
length  of  the  beam  path,  f^  is  the  microwave  frequency,  and 
c  is  the  velocity  of  light  in  free  space.  For  phase 
matching  of  the  optical  and  microwave  signals,  the  phase 
difference  between  any  two  beam  paths  should  be  equal  to 
zero,  which  means  the  optical  time  delay  in  air  must  be  same 
as  the  microwave  time  delay  in  the  coplanar  stripline.  The 
condition  for  phase  matching  can  be  expressed  as 

ni^li  ®  n25dj^,  (12) 

where  n^  is  the  optical  refractive  index  in  air  (1.00),  n2 
is  the  effective  microwave  refractive  index  of  the  GaAs 
substrate  (2.7),  and  51j^  and  tfdj^  are,  respectively,  the  path 
length  differences  between  adjacent  optical  "spots"  in  air 
and  in  the  coplanar  stripline.  In  the  experiment,  61  = 

21.6  mm  and  6dj^  =  8  mm. 

The  Ortel  SL  1010  laser  diode  (I^h  ~  6.6mA),  which  emits  at 
a  wavelength  of  0.837  urn,  is  driven  by  a  dc  current  of  11 
mA.  The  laser  output  power  is  directly  modulated  by  the 
signal  from  an  HP  8340A  microwave  synthesized  sweeper, 
coupled  to  the  laser  through  a  bias  tee.  The  power  level  of 
the  input  modulation  signal  is  around  -14  dBm.  A  9V  bias  is 
applied  to  the  electrodes  of  the  TW  photodetector  with  a  12 
Kn  series  current-limiting  resistor,  also  coupled  through  a 
bias  tee.  The  light  from  the  laser  is  collimated  and  sr''  it 
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Fig.  3.  Experimental  arrangement  for  testing  the  TW 
photodetector  with  four  optical  inputs. 
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Fig.  4.  Response  of  TW  photodetr 3tor  for  the  phase -matched 
case  with  1,  2,  3,  and  4  optical  inputs. 
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into  four  beams  by  beam  splitters  and  mirrors.  These  beams 
are  then  focused  into  the  gap  region  between  the  stripline 
conductors  using  a  cylindrical  lens  as  shown  in  Fig.  3.  The 
microwave  signal  coming  from  the  bias  tee  connected  to  the 
other  electrodes  is  monitored  with  an  HP  8565A  spectrum 
analyzer  as  the  modulation  frequency  is  varied.  For  each 
individual  spot  the  microwave  signal  level  is  adjusted  to  be 
-50  dBm,  over  the  frequency  range  from  0. 5-5.0  GHz.  The 
spectrum  analyzer  output  is  shown  in  Fig.  4. 

Since  each  beam  path  is  aligned  so  that  the  optical  signal 
in  air  and  the  microwave  signal  in  the  coplanar  stripline 
are  in-phase,  the  output  power  of  the  signal  becomes 
independent  of  the  operation  frequency  and  increases  as  the 
number  of  the  optical  signal  inputs  is  increased.  The  total 
output  for  ideal  beam  combining  can  be  expressed  in  dBm  as 

dBmN  inputs  ~  ^®®single  input  ■*‘20  log^^Q  N,  (13) 

where  N  is  the  number  of  the  optical  inputs.  As  can  be  seen 
in  Fig.  3,  the  output  power  increases  by  an  average  of  5.3 
dB  for  N  =  2,  8.6  dB  for  N  =  3,  and  10.8  dB  for  N  =  4. 

These  are  only  slightly  less  than  the  ideal  theoretical 
values  of  6.0  dB  for  N  =  2,  9.5  dB  for  N  =  3,  and  12.0  dB 
for  N  =  4.  It  is  evident  from  Fig.  4  that  the  power  output 
of  the  combined  beams  is  almost  frequency  independent, 
indicating  that  excellent  phase  matching  of  the  optical 
inputs  with  the  microwave  signal  has  been  obtained. 

To  observe  the  interference  effect  due  to  multiple  optical 
input  signals  when  the  optical  and  microwave  signals  are  not 
phase  matched,  the  same  measurement  set-up  has  been  used 
except  that  the  connections  for  the  bias  tee  and  the  HP 
8565A  spectrum  analyzer  have  been  reversed.  Now,  the 
microwave  signal  output  propagates  in  the  opposite  direction 
from  the  traveling  wave  optical  excitation.  According  to 
equation  (11),  two  adjacent  optical  inputs  have  a  relative 
phase  delay  60  given  by 

60  »  2*'fn,(ni61j^  +  n26di)/c,  (14) 

with  c  the  free-space  velocity  of  light.  For  the  case  of  N 
inputs,  the  response  can  be  written  as 

dBmji  =  dBm^  +  20  log^^O  [  (sin^N60/2)/ (sin^60/2)  ] .  (15) 

Response  peaks  occur  for  60  =  2Mjr,  with  M  an  integer.  In 
terms  of  the  microwave  frequency  at  which  this  occurs,  we 
find  that 

fj,  =  cM/(ni61i  +  n26di)  (16) 

The  results  for  two,  three,  and  four  optical  inputs  are 
plotted  in  Figs.  5  (a),  (b) ,  and  (c) ,  respectively.  The 
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theoretical  plots  of  the  microwave  output  for  the  three 
cases  indicated  are  also  plotted  in  Fig.  5.  For  these 
plots,  values  for  the  parameters  in  eqs.  (14)  and  (15)  are 
nj^  =  1.0,  <91  j  =  4.8  cm,  t\2  =  2.7,  (Sdj^  =  0.8cm.  We  find  from 
eq.  (16)  that  the  fundamental  frequency  (maximum  microwave 
output)  occurs  for  fjjj  =  4.3  GHz. 

Another  photodetector  structure  under  investigation  makes 
use  of  an  optical  waveguide  formed  a  seiconductor  substrate, 
as  in  Fig.  6.  When  modulated  light  from  this  laser  is 
coupled  into  the  waveguide,  electron-hole  pairs  are  created 
in  this  layer  as  the  light  propagates  down  the  waveguide. 
This  provides  a  traveling  wave  excitation  of  the 
transmission  line  at  the  modulation  frequency.  Experimental 
investigations  have  been  carried  out  in  waveguides  formed  in 
GciAlAs  epitaxial  layers  on  a  semiinsulating  GaAs  substrate, 
as  in  Fig.  7.  The  epitaxial  layers  were  grown  for  us  by  Dr. 
Y.  C.  Kao  of  Texas  Instruments.  A  rib  waveguide  6  /im  wide 
were  formed  in  the  layered  sample  by  reactive  ion  etching. 

A  coplanar  stripline  formed  on  the  surface  of  the  sample 
makes  ohmic  contact  with  the  top  epitaxial  layer  (GaAs,  0.2 
/im  thick)  .  Strong  optical  waveguiding  and  a  photoconduct ive 
effect  has  been  observed,  as  indicated  by  the  response  data 
of  Fig.  8  for  bias  voltages  of  0.25,  0.5,  and  1.0  V.  This 
data  was  obtained  by  endfire  coupling  of  the  light  from  a 
Ti: sapphire  laser  into  the  waveguide.  The  peak  photocurrent 
is  observed  at  wavelengths  greater  than  0.86  /im,  as 
indicated  by  the  spectral  response  curve  of  Fig.  8.  The 
photoresponse  is  weak  at  the  0.83  jum  wavelength  of  our  Ortel 
laser  diode,  so  that  no  data  on  the  high-speed  response 
chatracteristics  were  otained  for  this  device. 


CONCLUSIONS  AND  RECOMMENDATIONS 

A  traveling  wave  (TW)  photodetector  with  a  coplanar 
stripline  structure  was  designed.  The  optimum  stripline  gap 
width  for  a  focussed  Gaussian  beam  input  was  determined  to 
be  3  /xm.  A  stripline  width  of  28  /xm  was  calculated  to  give 
a  characteristic  impedance  of  50  n  as  needed  to  interface 
the  TW  photodetector  with  other  microwave  circuit  elements. 

Devices  of  this  type  were  fabricated  in  semiinsulating  GaAs, 
using  lift-off  photolithographic  techniques  for  pattern 
definition.  Ohmic  Au/Ge/Ni  contacts  were  formed  by  a 
thermal  annealing  process. 

Testing  was  accomplished  using  an  optical  delay  line 
arangement  to  achieve  either  matching  or  mismatching  of  the 
microwave  phases  of  the  optical  inputs  and  microwave  output 
signal. 

For  the  phase  matched  case,  the  observed  average  microwave 
output  power  over  the  frequency  range  0.5-5  GHz  was  10.8 
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Fig.  6.  optical  waveguide  configuration  for  TW 
photodetector. 
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Fig.  7.  Cross-section  of  optical  waveguide  in  AlGeiAs. 

11 


PHOTOCURRENT  (uA) 


dB  for  four  identical  inputs,  vs.  an  ideal  value  of  12  dB. 

In  this  case,  optical  excitation  occurs  in  distributed 
fashion  along  the  length  of  a  transmission  line  structure  so 
that  the  active  area  can  be  much  larger  than  that  of  lumped- 
element  design,  without  limitation  on  the  response  speed  due 
to  the  RC  time  constant. 

For  the  unmatched  case,  a  fundamental  frequency  of  4.3  GHz 
was  observed  for  two,  three,  or  four  inputs.  The  expected 
sidelobe  pattern  was  seen  in  each  case.  Here,  the  TW 
photodetector  performs  the  function  of  a  transversal  filter, 
which  can  perform  matched  filtering  and  correlation 
functions  with  GHz-bandwidth  signals.  Such  performance  is 
possible  because  the  optical  input  signals  are  electrically 
isolated  from  one  another.  This  would  not  be  possible  in  an 
all-electrical  analog  of  this  device. 

The  TW  detectors  studied  to  date  under  this  program  have 
used  photoconductivity  as  the  optical-to-microwave 
transduction  mechanism.  However,  carrier  lifetime  limits 
the  speed  of  photoconduct ive  devices  with  near-unity  quantum 
efficiency  to  less  than  10  GHz.  For  performance  in  the 
millimeter-wave  regime  (30  -  300  GHz) ,  a  depleted  structure 
(pn  junction  or  Schottky  diode)  is  needed.  Design 
considerations  are  considerably  different  than  for 
photoconduct ive  TW  detectors.  For  example,  in  the  junction 
devices  the  junction  capacitance  per  unit  length  is  the 
critical  factor  in  determining  transmission  line  impedance. 

It  is  recommended  that  a  traveling  wave  photodetector 
structures  be  integrated  with  a  FET  amplifier  to  provide 
enhanced  optical-to-microwave  conversion  efficiency.  One  of 
the  TW  electrodes  can  form  the  gate  and  the  other  the  drain 
of  the  FET.  The  source  and  drain  of  the  FET  can  provide  a 
coplanar  line  for  transmitting  the  amplified  microwave 
output . 

It  is  also  recommended  that  TW  photodetectors  based  upon  pn 
junction  or  Schottky  diode  structures  be  fabricated  in 
suitable  epitaxial  material  on  semiinsulating  GeiAs 
substrates.  Such  structures  offer  the  best  prospect  for 
millimeter-wave  response  in  OEIC  devices. 

Finally,  it  is  recommended  that  a  setup  for  generating  a 
beat  frequency  from  two  high-power  laser  diodes  be  assembled 
and  used  in  future  evaluation  of  the  TW  photodetectors. 

With  such  an  arrangement,  it  should  be  possible  to  obtain 
effective  modulated  optical  power  levels  of  several  mW  and 
to  demonstrate  greatly  improved  optical-to-microwave 
conversion  efficiencies  and  dynamic  range. 
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